Analytical instruments based on InfraRed Absorption Spectroscopy (IRAS) and Gas Chromatography (GC) are today available only as bench-top instrumentation for forensic labs and bulk analysis. Within the 'DIRAC' project funded by the European Commission, we are developing an advanced portable sensor, that combines miniaturized GC as its key chemical separation tool, and IRAS in a Hollow Fiber (HF) as its key analytical tool, to detect and recognize illicit drugs and key precursors, as bulk and as traces. The HF-IRAS module essentially consists of a broadly tunable External Cavity (EC) Quantum Cascade Laser (QCL), thermo-electrically cooled MCT detectors, and an infrared hollow fiber at controlled temperature. The hollow fiber works as a miniaturized gas cell, that can be connected to the output of the GC column with minimal dead volumes. Indeed, the module has been coupled to GC columns of different internal diameter and stationary phase, and with a Vapour Phase Pre-concentrator (VPC) that selectively traps target chemicals from the air. The presentation will report the results of tests made with amphetamines and precursors, as pure substances, mixtures, and solutions. It will show that the sensor is capable of analyzing all the chemicals of interest, with limits of detection ranging from a few nanograms to about 100-200 ng. Furthermore, it is suitable to deal with vapours directly trapped from the headspace of a vessel, and with salts treated in a basic solution. When coupled to FAST GC columns, the module can analyze multi-components mixes in less than 5 minutes.
INTRODUCTION
Detection of Amphetamine Type Stimulants (ATS), precursors, and derivatives, remains an open and challenging issue if we move out of the forensic labs and consider field-sensors suitable to be used by customs and law enforcement units in their daily fight against the production, trafficking, and street distribution of illicit drugs. These sensors should combine hand-portability, high sensitivity, fast response, low false alarm rates, robustness, together with the ability to analyze substances in different physical state and with pretty different chemo-physical characteristics. Furthermore, the ability to establish chemical similarity of a potential 'designer drug' with well known and controlled ordinary drugs, would be another crucial asset for an instrument designed as a screening tool for ATS.
Currently, GC-FTIR (Fourier transform infrared spectroscopy) is, together with GC-MS (Mass Spectrometry), the most powerful technique for the identification and quantification of amphetamines [1] . _________________________________________________ *sandro.mengali@consorziocreo.it; phone +39 0862 346 210; fax +39 0862 346 201; www.consorziocreo.it GC-FTIR spectrometers, or more generally, instruments based on Gas Chromatography (GC) and IR Absorption Spectroscopy (IRAS), combine the chemical separation power of GC with the chemical identification ability associated with the analysis of molecular roto-vibrational transitions. In the case of ATS, minor modifications in the chemical structure of an amphetamine produce visible and recognizable changes in its IR spectrum [2] , while the main spectroscopic features, which are characteristic of the common molecular skeleton, remain unaltered.
So far, GC-FTIR has been implemented essentially as bench-top instrumentation for forensic applications [3, 4] and 'bulk' analysis. The GC-IRAS sensor prototype here presented, which is being developed within the FP7 'DIRAC' project, intends to bridge a technological gap, by combining hand-portability and fast response with the ability to analyze both bulk and traces, with nanograms sensitivity.
In our sensor, sensitivity is greatly improved by matching the high radiation and resolution power of a tunable EC-QCL [5, 6] , with the very small interrogation volume (~ 70 μl) of an infrared Hollow Fiber (HF) [7, 8] . The HF-IRAS module is efficiently coupled to a silicon-micromachined device that pre-concentrates the vapours of interest, and separates vapours mixes by means of a short FAST GC column, with elution times of the order of a few minutes.
SENSOR CONCEPT
The sensor is composed of several interacting modules that treat and analyze the sample according to the general scheme shown in figure 1:
1. Vapours are convoyed into the Vapour Phase Preconcentrator (VPC) by direct air sampling or by means of an external sampling unit that collects solid particles/liquids, performs (when necessary) chemical treatments and extractions, and releases thermally desorbed vapours into the VPC.
2. The pre-concentration cartridge is heated and the vapours are injected into the GC column together with a carrier gas.
3. The GC column separates the initial vapour mix into single-component chromatographic peaks that are analyzed by the HF-IRAs module to determine elution times and IR absorption spectra. At the final stage of the project, all the modules will be assembled inside a unique case of the size of a hand luggage, to demonstrate field-operation capabilities. The final system will include a second, orthogonal detector based on Surface Ionization (SI) [9] , particularly sensitive towards amines. Since HF-IRAS is non-destructive, the plan is to integrate the SI detector at the output of the HF-IRAS module, by means of inert capillary tubes. This approach has already been tested successfully to connect the HF-IRAS module to a conventional mass spectrometer.
VPC-GC Module
The sample gas is acquired, pre-concentrated, injected and chromatographically separated by means of the integrated vapour-pre-concentration/gas-chromatography module. This innovative module, developed and prototyped at CNR-IMM Bologna, is based on three main silicon micromachined fluidic components: a vapour pre-concentration cartridge, an injector based on six micro-machined pneumatically actuated membrane valves and a FAST-GC separation column.
The pre-concentration cartridge is filled with Quinoxaline Cavitands (QxCav) [10, 11] , an innovative selective receptor developed by INSTM and designed to efficiently retain the main drug precursors and release them through a heating pulse.
During operation, the VPC-GC module acquires the sample through the cold pre-concentration cartridge using an integrated pump. After sampling for a sufficient time to retain a detectable mass of target analytes, the pre-concentrator is flushed with carrier gas and then heated to a temperature suitable to release the target compounds (typically 325°C). Subsequently, the contents of the hot pre-concentrator are injected into the MEMS FAST-GC column by means of the micromachined membrane injection chips, temporally separated by the GC column and, finally sent to the IRAS detector through a heated transfer line.
All the relevant components are temperature controlled and heated to a temperature > 110 °C in order to avoid condensation of the target substances on cold surfaces. The complete supervision of the VPC-GC module, implementing the measurement cycles through the temperature setpoints and valve settings, is managed by a specifically developed set of stand-alone control electronics, commanding up to 4 PID (proportional/integral/differential) temperature control channels and up to 16 digital inputs and 16 digital outputs. Up to 62 different GC cycle methods can be stored, recalled and executed through an integrated touchpad or with an external PC.
HF-IRAS Module
The HF-IRAS module essentially consists of the sensing head of Figure 3 (size cm cm cm 12 35 35 × × ), plus external units for control, power supply, signal acquisition, and processing.
IR radiation is guided through the hollow core of the fiber, from a laser source to a detector. When vapours are injected into the fiber, they cause IR signal attenuation at wavelengths corresponding to their roto-vibrational transitions. While the vapours flow through the fiber, the laser scans its spectral tuning range in about 2 s, thus enabling the acquisition of high sensitivity absorption spectra. The volume of the fiber must be carefully chosen to match the flows delivered by the GC: the resident time of a chromatographic peak in the fiber must be longer than the laser scanning time, but shorter than the distance between neighbor chromatographic peaks. The main components of the HF-IRAS system are: − A wide tuning range EC-QCL laser source. We currently use the "ÜT8" EC-QCL by Daylight Solutions [12] . The "ÜT8" is a broad tuning pulsed laser which scans the wavelength range 7-8.85 μm.. Its peak power can reach 600 mW with maximum pulse duty cycle 5 %. − Two 4-stage thermoelectrically cooled MCT (Mercury-Cadmium-Tellurium) photoconductive detectors, beam splitter and collection optics, to measure a reference signal and the signal through the fiber. − An IR Hollow Fiber, plus gas coupling cells at both ends for the injection and outflow of the vapours. We used HFs produced by Polymicro Technologies [13] , that is silica capillaries with a Silver/Silver Iodide inner coating and an acrylate (or polyimide) buffer, optimized for CO 2 lasers (straight loss ~ 1 dB/m). With an acrylate buffer, the fiber can operate without mechanical and optical degradation at constant temperatures up to around 125 °C [14] . To deal with sticking vapours as ephedrines, it may be necessary to go to higher temperatures and move to polyimide buffers. We used polyimide type fibers up to 170 °C for short times with minimal signal attenuation (less than 10 %), but longer exposures to high temperatures can cause collapse of the inner coating. Currently, the sensor mounts a HF with an inner diameter of 300 μm and a total length of 1 m (Inner Volume ≅ 70 μl). The coupling cells have been designed to minimize dead volumes (< 10 µl/cell) and to guarantee efficient and stable optical coupling with the incoming laser beam (through ZnSe windows). Standard GC 'nut and ferule' connections are implemented between the cell and the fiber, and between the cell and the dressed silica capillary outcoming from of the VPC/GC module. The HF-IRAS module is connected to the VPC-GC module by means of a short heated capillary.
EXPERIMENTAL TESTS
The system and its individual modules are constantly evolving and, therefore, the results shown in this paragraph represent a synthesis of the work done in the timeframe of one year and a half, using different 'releases' of the system prototype. Substances can be sampled from the headspace of a vessel, or vaporized by thermal desorption in a chamber connected to the system. Total vaporization in a chamber allows to estimate (in excess) the quantities injected into the HF-IRAS module and its Limit of Detection.
ATS precursors without amine groups
These precursors are usually liquids or solids with low melting points. At room temperature they already have a vapour pressure of tens of ppm, and can be easily vaporized upon heating.
Safrole, Isosafrole, Piperonal, and Benzyl Methyl Ketone (BMK) are probably the most important chemical targets of this family, and therefore analyzed below and in paragraph 3.3.
Absorbance (A) spectra are calculated as
where S and R are the signal through the fiber and the reference, respectively; S(t) and R(t) are taken at the time t of the acquisition and S(t 0 ) and R(t 0 ) represent the 'blank' acquired before sample injection. Figure 4 . Examples of results with non aminic ATS precursors: time evolution of the spectra after the injection of: 400 ng of Piperonal (a) and 100 ng of Safrole (b). The insets show the corresponding reference spectra from the NIST public database [16] . Figure 4 shows the time evolution of the IR spectra measured for 400 ng Piperonal and 100 ng Safrole in methanol solutions. Piperonal was vaporized from VPC directly into the HF (Injector and GC column bypassed), while Safrole was injected directly into the GC module (VPC bypassed).
The limit of detection (LoD) of the sensor can be estimated as:
where m is the injected mass, Peak is the absorbance peak and Noise is three times the standard deviation of the absorbance at the peak wavelength, measured before the chromatographic peak appears. The extrapolated LoDs are overestimated, because the injected masses are subject to losses (e.g. vapour recondensation along the pipelines and at the junctions) and also because, when the VPC-GC module is bypassed (as in Figure 4 -a and Figure 5 -a), the injection volume is much larger than the volume of the HF and the chromatographic peak is spread over several scans. Figure 5 -a shows the time evolution of the IR spectra taken after the injection of Isosafrole. Vapours were sampled at constant flow (total air volume sampled = 2 liters) from the headspace of a vessel containing milligrams of the precursor at room temperature, pre-concentrated in the QxCav cartridge, and then sent directly to the HF (Injector and GC column bypassed). Results suggest that the headspace of a vessel could be analyzed in a fraction of a minute. Figure 5 . Time evolution of the spectra after headspace sampling of Isosafrole. The insets show in (a) the Isosafrole reference spectra from the NIST public database [16] and in (b) the experimental spectra of its two isomers.
Isosafrole exists in two different isomers (Cis and Trans) with slightly different vapour pressure and absorption spectra, and we effectively sampled a mix of the two isomers. In another test ( Figure 5-b) , we used our GC module to separate the two isomers at different elution times. Even if the GC conditions and separation times are not optimized, the spectra of the two isomers are distinguished.
Aminic compounds: Ephedrine and Amphetamine
Chemical targets with an aminic group, such as ephedrines and amphetamines, are generally much more difficult to analyze, for several reasons:
1. their absorption spectra lack the sharp peaks of Safrole and Piperonal in the spectral range scanned by our QCL;
2. aminic compounds have a stronger tendency to stick at cold spots and fluidic connections along the sensing chain, which translates into broadening and attenuation of chromatographic peaks; 3. they show no specific affinity towards QxCav (the aromatic ring is sterically hindered), which causes large mass losses at the pre-concentration stage.
For example, vaporization and injection of 5 μg of Ephedrine (in Methanol solution) produces well visible spectra ( Figure 6 ) in the HF-IRAS module, but the estimated LoD of the sensor for Ephedrine is 130 ng, i.e. one order of magnitude higher than the LoD for Safrole. Similar results were obtained for Norephedrine and Pseudoephedrine. Figure 6 . Examples of results from aminic ATS precursors: time evolution of the spectra after the injection of 5 μg of Ephedrine. The insets show: (1) the 2D experimental spectrum of Ephedrine and (2) its reference spectrum from the NIST public database [16] .
Amphetamine is much more volatile than Ephedrine, and therefore more difficult to separate from a solvent using our short GC column. Figure 7 shows an example of experimental spectra of Amphetamine acquired by our sensor: the Amphetamine's spectrum was originally mixed with the spectrum of the solvent Ethyl Acetate, which was therefore subtracted mathematically. The result of this subtraction matches very well the reference spectrum of Amphetamine. 
Mixtures
In a real application, our sensor will have to analyze samples that can contain chemical targets mixed with excipients, adulterants, or other potential interferents of different nature. Furthermore, the analysis of ATS salts (the usual form in which ATS are trafficked) will generally require some chemical treatment and extraction in an organic solvent, to deprotonate the ammonium salt and enable vaporization as a free amine. To test the performance of the system against mixtures, we decided to start with mixes of different ATS and precursors. The reason for this is that ATS and precursors are chemically similar, and their separation is already a challenging and meaningful objective.
In one experiment, a mixture of 600 ng of Safrole, 600 ng of Piperonal and 3 μg of Ephedrine in was evaporated and injected directly into the GC/HF-IRAS system. The results (Figure 8-a) shows that the three substances are well visible and resolved.
In another experiment, the headspace of a vessel containing a complex mixture of BMK, Safrole, Isosafrole, Piperonal, and Ephedrine, was sampled for 3 minutes and pre-concentrated with QxCav. When the mix was finally injected, the system (Figure 8-b) clearly revealed BMK and Safrole, while Piperonal appeared as a weaker peak (because of its lower vapour pressure), Isosafrole was probably masked under Safrole, and Ephedrine could be detected as an extremely weak peak at 5 min only by acquiring the signal at fixed wavelength. An independent test made with a Flame Ionization Detector in place of our HF-IRAS module, demonstrated that the quantity of Ephedrine trapped and released by the QxCav cartridge in those condition is really small (around 25 ng), and therefore under the LoD of our system. 
Spectral Alignment
In our experiments, we have found that the Signal to Noise Ratio (S/N) of the system is greatly conditioned by the mechanical noise that can be produced when the diffraction grating is moved to scan the spectral range of the laser.
Raw Signals
Aligned Scans Figure 9 . Scan alignment using water absorption peaks. The left figure shows the raw signals, as they have been acquired, while the right figure shows the same signals after the application of the scan alignment procedure. quantities in abscissa already converted from time into wavelength.
Scanning rate is neither perfectly constant during a single scan, nor perfectly reproducible from scan to scan. If we plot the signal against the scanning time, and superimpose the plots, jitters appear corresponding to several nanometers (Raw Signals in Figure 9 ). Jitters translate into noise in an absorbance spectrum, particularly in the presence of vertical 'steps' along the plot. Such steps can be due to analytes or contaminants along the optical paths, but also to the hollow fiber itself (the way it is built and rolled inside the insulating case).
This problem can be mitigated if we use clearly recognizable spectral patterns as 'flags' to align the plots. In particular, we have developed an alignment procedure that uses as flags the sharp absorption peaks of properly selected substances, placed along the optical path to the reference detector. The same transfer function can be then applied to align the reference signals and the corresponding signals-through-the fiber.
The procedure has already been tested using the absorption peaks of water vapour, that is naturally present in the air and therefore in the open optical path to our reference detector ( Figure 9 ). The effectiveness of the procedure depends principally on the sharpness and reliability of the peaks that are used for the alignment. In the case of the water peaks, we have measured a reduction of the noise level by a factor of at least 5 in the range 7.1 ÷ 7.5 micron. Figure 10 shows the IR spectra measured for BMK, before and after the application of the scan alignment procedure: the S/N appears substantially improved below 7.5 μm (where the water peaks are present). At longer wavelengths (where water peaks fade away), it is necessary to use other gases for alignment. Methane, for example, appears promising up to 8.1 μm.
CONCLUSIONS AND OUTLOOK
The DIRAC sensor here presented has been shown capable of analyzing ATS and precursors, as pure compounds and mixtures, by sampling vapours from the air or thermally desorbing liquids, solids, and water or organic solutions. Limits of Detection are currently around 10 ng for many non-aminic precursors, and one order of magnitude larger for aminic precursors and ATS. Lower sensitivity to aminic compounds appears due partly to the lack of sharp and strong absorptions in the spectral range scanned by our laser, and partly to recondensations and mass losses at fluidic joints. As such, we can expect that the sensitivity to aminic compounds can improve by optimizing fluidic circuitry and eliminating 'cold spots'.
While the results obtained so far are very promising, the work ahead is huge. First, we have to optimize the hardware and integrate the system into a 'hand-luggage'. Second, we have to optimize conditions (particularly for GC separation) and procedures (for spectral alignment, among others). Third, we need to integrate an Expert System to: a) Identify chemical targets (when the molecular data are available in a reference database), and, b) Establish similarities between an unknown molecule (that is not present in the database) and classes of controlled substances. Last, the system must be tested under conditions that simulate real operation scenarios.
According to our plans, an important part of these activities should be completed in about one year.
